Abstract: A novel and simple microwave photonic filter (MPF) is proposed and experimentally demonstrated. The MPF can be switched between low-pass and high-pass frequency responses. The MPF is realized by using an electro-optic phase modulator (EOPM) and two cascaded tunable optical bandpass filters (TOBFs). One TOBF (TOBF1) is used to change the modulation format of the phase modulated signal and, consequently, switch the MPF between low-pass and high-pass frequency responses. The other TOBF (TOBF2) is used to adjust the cutoff frequencies of the low-pass and the high-pass frequency responses. In the experiment, a switchable MPF from 0 to 40 GHz is demonstrated. By changing the center wavelength of TOBF2, the cutoff frequencies of the low-pass and the high-pass frequencies are continuously changed from 2.9 to 20.1 GHz and from 15.4 to 31.2 GHz, respectively.
Introduction
The microwave photonic filter (MPF) has been attracting great interest due to its intrinsic advantages, such as large bandwidth, light weight, flexibility and immunity to electromagnetic interference (EMI) [1] - [3] . To date, various MPFs have been proposed and demonstrated. Generally, two aspects of MPF have been attracting great interest. The first is to achieve MPFs with good performance, such as high Q factor [4] - [6] , high rejection ration [7] - [10] , and small shape factor [11] , [12] . The second is to achieve MPFs with good flexibility, such as tunability [13] - [16] , and reconfigurablity [17] - [20] , which can make the MPF adapted to different applications. Recently, the switchable MPFs, whose frequency response can be switched between different transfer functions, have been attracting researchers' interest because of their flexibility in practical applications. So far, different approaches have been proposed based on various techniques. For example, we have realized a switchable MPF based on an electro-optic phase modulator (EOPM) and two tunable optical bandpass filters (TOBFs) [21] . By adjusting the two TOBFs, the MPF can be switched between a high-Q bandpass filter and a high-Q notch filter. A dual-drive Mach-Zehnder Modulator (DDMZM) and stimulated Brillouin scattering (SBS) was also proposed to realize a switchable MPF [22] . By adjusting the bias voltage applied to the DDMZM, the transfer function of the MPF can be switched. In [23] , researchers in Yao's group proposed a switchable MPF by using a DDMZM and a phaseshifted fiber Bragg grating (PS-FBG). However, in these previously reported schemes, the transfer function of the MPF can only be switched between bandpass and bandstop shapes.
In this paper, we propose and demonstrate an MPF switchable between a low-pass filter and a high-pass filter by using an EOPM and two TOBFs. The MPF can be potentially employed in the system where both high-pass and low-pass MPFs are needed, such as microwave mixing system, where a low-pass filter is required when down-converting microwave signals and a high-pass filter is needed when up-converting microwave signals. In the proposed scheme, when the −1st order sideband of the phase modulated optical signal is suppressed by one TOBF (TOBF1) to achieve a single sideband (SSB) signal, a low-pass MPF can be achieved. However, when the optical carrier wavelength of the phase modulated signal is aligned with the center wavelength of TOBF1, a highpass MPF can be realized. Both the cutoff frequencies of the low-pass and the high-pass filters can be continuously changed by adjusting the center wavelength of the other TOBF (TOBF2). In the experiment, by adjusting the center wavelength of TOBF2, the cutoff frequencies of the low-pass and the high-pass filters are continuously adjusted from 2.9 GHz to 20 GHz and from 16 GHz to 32 GHz, respectively. The frequency tuning range of the MPF is dependent on the bandwidth of the TOBFs. Hence, large frequency tuning range can be achieved by using TOBFs with a large bandwidth. To the best of our knowledge, this is the first time that a reconfigurable MPF between low-pass and high-pass frequency responses has been proposed.
Operation Principle
The operation principle of the proposed scheme is illustrated in Fig. 1 . Fig. 1(a) -(c) show the operation principle of the MPF with low-pass frequency response. The optical field of the phase modulated signal can be expressed as [24] E (t) = P 0 T ff exp {j[2πf c t + β cos(2πft)]}
where P 0 is the input optical power; T ff is the fiber-to-fiber insertion loss of the EOPM; f c and f are optical carrier frequency and modulation frequency, respectively; and β is the modulation index of the EOPM. Under small signal modulation, (1) can be expanded by first kind Bessel functions
where J n (n = 0, 1) denotes the n-th order of the first kind Bessel functions. It should be noted that the high order sidebands (for n ࣙ 2) are neglected under small signal modulation. Then, the phase modulated optical signal is filtered by TOBF1, whose center frequency and bandwidth are denoted as f 1 and f B W 1 , respectively. When the center frequency of TOBF1 is adjusted to suppress the −1st order sideband of the phase modulated signal, the phase modulated signal is converted into an SSB signal, as shown in Fig. 1 (a). From (2), the SSB signal can be expressed as
where T 1 is the insertion loss of TOBF1. Then, the SSB signal is injected into TOBF2, whose bandwidth is denoted as f B W 2 . The center frequency of TOBF2 is adjusted at f 2 to make the carrier frequency of the optical signal deviate from the center frequency of TOBF2. The frequency deviation of the optical carrier from the transmission edge of the right side is denoted as f 1 , as shown in Fig. 1(b) . If the modulation frequency is lower than f 1 , which means that f < f 1 , the +1st order sideband will be maintained after passing TOBF2. When the optical signal is injected into the photodetector (PD) for square-law detection, the photocurrent can be expressed as
where is the responsivity of PD, and T 2 is the insertion loss of TOBF2, respectively. From (3) and (4), the frequency response of the MPF can be derived as
in which the DC component is neglected. If the microwave frequency is higher than f 1 , which means that f > f 1 , the +1st order sidebands is also suppressed by TOBF2, and no microwave signals can be achieved. Thus, it can be concluded that when f > f 1
Here, the DC photocurrent is also neglected. Therefore, from (5) and (6), the microwave frequency response can be expressed as
It can be observed that a low-pass frequency response is achieved and the cutoff frequency is f 1 , as shown in Fig. 1(c) . If the frequency interval f 1 is increased, the cutoff frequency is also increased correspondingly. Thus, the cutoff frequency of the low-pass filter can be changed simply by adjusting TOBF2.
Then, the center frequency of TOBF1 is adjusted at f 1 to make the optical carrier frequency aligned with the center frequency of TOBF1. Therefore, the phase modulation format can be maintained when the phase modulated signal is filtered by TOBF1, as shown in Fig. 1(d) . The center frequency of TOBF2 is adjusted at f 2 and the frequency interval between the right transmission edge and the optical carrier frequency is f 2 , as shown in Fig. 1(e) . Therefore, when the microwave frequency is lower than f 2 , the optical signal after TOBF2 still remains phase modulation format and no microwave signal can be recovered after PD. Thus, when f < f 2 , it can be concluded that in which the DC component is also neglected. When the microwave frequency is higher than f 2 and lower than f B W 2 − f 2 , the +1st order sideband is absolutely suppressed by TOBF2 and the −1st order sideband is maintained. Thus, when the optical signal is injected into the PD, the microwave signal can be generated by beating the −1st order sideband and the optical carrier. According to (5), the microwave signal can be expressed as
When the microwave frequency is higher than f B W 2 − f 2 , both ±1st order sidebands are suppressed, and no microwave signal can be recovered. It should be noted that in actual fact a system always has a bandwidth, which means that a cutoff frequency exists for a real system in practice. In the MPF, the frequency interval f B W 2 − f 2 is sufficiently high and exceeds the bandwidth of PD. Thus, the MPF can be regarded as a high-pass filter within its operation bandwidth, as shown in Fig. 1(f) . From (8) and (9), the frequency response can be expressed as
Therefore, from (8) and (10), it can be concluded that an MPF switchable between low-pass and high-pass frequency responses is achieved. It should be stressed that the high-pass frequency response is realized within the operation bandwidth of the MPF, which is limited by the bandwidth of PD. If f 2 is changed by adjusting the center frequency of TOBF2, the cutoff frequency of the high-pass filter is also changed correspondingly. Hence, the MPF can be switched between a lowpass filter and a high-pass filter simply by adjusting the center frequency of TOBF1, and the cutoff frequencies of the low-pass and the high-pass filters can be also changed by adjusting the center frequency of TOBF2. It should be noted that in order to achieve a MPF with flat passband and steep transition edge, the TOBFs are required with flat passband and steep transmission edges.
Experimental Results
A proof-of-concept experimental setup for the switchable MPF is performed, as shown in Fig. 2 . In Fig. 2 , continuous wave (CW) light emitted from a laser diode (LD, Alnair TLG-200) at 1550 nm is injected into an EOPM (Covega March-40) after polarization adjusted by the polarization controller (PC, THORLABS FPC561). An erbium-doped fiber amplifier (EDFA, Accelink EDFA-BA-16-FC/APC-2-3) is used to amplify the optical power to compensate the loss caused by the EOPM and the two cascaded TOBFs. The TOBF1 (Finisar, Waveshaper 1000s) is used to switch the optical signal between an SSB signal and a phase modulated signal, and the TOBF2 (Alnair, BVP-300CL) is used to adjust the deviation of the optical carrier from the center wavelength of TOBF2, respectively. An optical attenuator (ATT, Accelink MVOA-1550-H-1m-900um-FC/APC) is used to adjust the optical power injected into the PD (SHF 47100A), which has a bandwidth of 40 GHz. A vector network analyzer (VNA, Anritsu MS4647B) is used to measure the frequency response of the MPF. In the experiment, both the full width at half maximum (FWHM) bandwidths of TOBF1 and TOBF2 are set at about 0.8 nm and remain unchanged during the experiment. At first, the center wavelength of TOBF1 is set at 1550.41 nm to suppress the −1st order sideband. The optical spectra of the phase modulated optical signal, TOBF1 and the optical signal after TOBF1 are shown as the red, purple and green curves in Fig. 3 , respectively. It can be observed that an SSB signal as described by (3) is successfully generated after TOBF1. When the center wavelength of TOBF2 is set at 1549.736 nm, shown as the dark blue curve in Fig. 3 , the wavelength interval between the optical carrier and the right transmission edge of TOBF2 is 0.16 nm, which is corresponding to 20 GHz. The corresponding microwave frequency response is shown as the brown curve in Fig. 4 . It can be observed that a low-pass filter as described by (7) is successfully achieved. The cutoff frequency is 20.1 GHz, and the rejection ratio exceeds 30 dB. Thus, the cutoff frequency of the low-pass filter shows good agreement with the frequency interval between the optical carrier and the right transmission edge of TOBF2, which accords very well to (7) . Here, the cutoff frequency is defined as the frequency at which the frequency amplitude response decreases by 3 dB. As predicted in (7), the cutoff frequency can be continuously adjusted by tuning TOBF2. When the center wavelength of TOBF2 is adjusted to 1549.704 nm (brown curve), 1549.674 nm (blue curve), 1549.642 nm (cyan blue curve), and 1549.610 nm (yellow curve) respectively, the cutoff frequency is decreased to 15.8 GHz (green curve), 11.9 GHz (dark blue curve), 7.3 GHz (yellow curve), and 3.1 GHz (red curve) respectively, as shown in Fig. 4 . It can be observed that when the frequency interval between the carrier wavelength and the right transmission edge of TOBF2 is changed, the cutoff frequency of the low-pass filter is also linearly changed, which accords well with the theoretical result predicted by (7) . Thus, a low-pass MPF with continuously tunable cutoff frequency is successfully achieved.
Then, the center wavelength of TOBF1 is adjusted to be aligned with the optical carrier wavelength, shown as the purple curve in Fig. 5 . It indicates that the phase modulation is still maintained after TOBF1, shown as the green curve in Fig. 5 . When the center wavelength of TOBF2 is adjusted to 1550.308 nm, shown as the dark red curve in Fig. 5 , the wavelength interval between the optical carrier and the left transmission edge of TOBF2 is 0.12 nm, which is corresponding to 15 GHz. The corresponding microwave frequency response is shown as the purple curve in Fig. 6 . It can be observed that a high-pass MPF as predicted by (10) is successfully achieved. The cutoff frequency is 15.4 GHz and the rejection ratio is 22 dB. Thus, the cutoff frequency of the high-pass filter also shows good agreement with the frequency interval between the optical carrier and the left transmission edge of TOBF2, which accords well to the theoretical results predicted in (10) . As predicted in (10), the cutoff frequency can be also continuously adjusted by tuning TOBF2. When the center wavelength of TOBF2 is set at 1550.278 nm (yellow curve), 1550.242 nm (green curve), 1550.208 nm (cyan blue curve), and 1550.176 nm (dark blue curve), the corresponding microwave frequency responses are shown in Fig. 6 . It can be observed that the corresponding cutoff frequency of the high-pass filter is 18.8 GHz (dark blue curve), 23.3 GHz (green curve), 27.1 GHz (red curve), 31.2 GHz (purple curve), respectively. Thus, a high-pass MPF with continuously tunable cutoff frequency is also achieved by adjusting the two cascaded TOBFs. The cutoff frequency of the high-pass filter is also linearly changed with the frequency interval between the optical carrier and the right transmission edge of TOBF2, which accords very well with (10). Therefore, by adjusting the center wavelength of TOBF1, the MPF can be switched between a low-pass filter and a high-pass filter. By adjusting the center wavelength of TOBF2, the cutoff frequency of the low-pass filter and the cutoff frequency of the high-pass filter can be changed. The proposed switchable MPF can be potentially employed in occasions where high-pass and low-pass filters are needed. For example, in the microwave frequency mixing system, a low-pass filter is needed when microwave down-conversion is realized. However, if a signal is up-converted, a high-pass filter is needed. Thus, a switchable MPF can effectively reduce system complexity. The tunable cutoff frequencies of the low-pass and the high-pass filters can increase the system flexibility. It should be noted that the switching of the proposed MPF is based on manually adjusting the TOBF, which indicates a low switching speed. However, in some applications, such as radar system, a switching speed of 10 kHz is needed [25] . Thus, in order to meet the applications of requiring fast switching speed, further effort should be made to realize such TOBFs with high tuning speed.
Conclusion
In conclusion, we have proposed and demonstrated a reconfigurable MPF which can be switched between low-pass and high-pass frequency responses. The scheme is realized by using an EOPM and two cascaded TOBFs. One TOBF (TOBF1) is used to switch the modulation format of the optical signal. When TOBF1 is detuned from the carrier wavelength of the phase modulated optical signal to achieve SSB modulation, a low-pass MPF can be achieved. However, if the center wavelength of the TOBF is aligned with the optical carrier wavelength, a high-pass MPF can be achieved. The other TOBF (TOBF2) is used to adjust the cutoff frequencies of the low-pass filter and the highpass filter. The cutoff frequencies of both the low-pass and the high-pass filters can be continuously tuned. When the center wavelength of TOBF2 is adjusted to change the deviation from the optical carrier wavelength, the cutoff frequency is changed correspondingly. In the experiment, the cutoff frequencies of the low-pass and the high-pass filters are continuously tuned from 2.9 GHz to 20.1 GHz and from 15.4 GHz to 31.2 GHz, respectively. The frequency tuning range is due to the bandwidth of TOBFs and even larger tuning range can be achieved when TOBF2 is tuned with a larger frequency deviation from the optical carrier wavelength.
